Aims. The role of minor galaxy mergers in galaxy evolution, and in particular to mass assembly, is an open question. In this work we measure the merger fraction, f m , of L B L * B galaxies in the VVDS-Deep spectroscopic survey, and study its dependence on the B−band luminosity ratio of the galaxies in the pair, µ ≡ L B,2 /L B,1 , focusing on minor mergers with 1/10 ≤ µ < 1/4, and on the rest-frame NUV − r colour of the principal galaxies. Methods. We use spectroscopic pairs with redshift z 1 in the VVDS-Deep survey to define kinematical close pairs as those galaxies with a separation on the sky plane 5h
Introduction
As galaxies evolve along cosmic time in the framework of a hierarchical assembly of dark matter haloes, a significant fraction of their accreted mass is expected to come from galaxy-galaxy mergers. The total stellar mass density is increasing along cosmic time, faster for early-type galaxies (e.g., Drory et al. 2005; Bundy et al. 2005; Arnouts et al. 2007; Ilbert et al. 2010) , and galaxy-galaxy merging is a natural physical process to participate to this growth. The role of mergers in galaxy evolution ⋆ Based on data obtained with the European Southern Observatory Very Large Telescope, Paranal, Chile, under Large Programs 070.A-9007 and 177.A-0837. Based on observations obtained with MegaPrime/MegaCam, a joint project of CFHT and CEA/DAPNIA, at the Canada-France-Hawaii Telescope (CFHT) which is operated by the National Research Council (NRC) of Canada, the Institut National des Sciences de l'Univers of the Centre National de la Recherche Scientifique (CNRS) of France, and the University of Hawaii. This work is based in part on data products produced at TERAPIX and the Canadian Astronomy Data Centre as part of the Canada-France-Hawaii Telescope Legacy Survey, a collaborative project of NRC and CNRS. has long been recognised, leading to mass growth and perturbed morphologies, and mergers have been identified as a way to shape elliptical galaxies.
Major mergers, the encounter of two galaxies of comparable masses leading to a fusion, have now been well documented in the nearby as well as in the distant universe. While the fraction of major mergers in the nearby Universe is about 2% (Patton et al. 2000; Patton & Atfield 2008; Darg et al. 2010) , it has now been convincingly shown that major mergers were more numerous at redshifts up to z ∼ 1 (e.g., Le Fèvre et al. 2000; Patton et al. 2002; Lin et al. 2008; de Ravel et al. 2009; López-Sanjuan et al. 2009b) , with the merger rate of bright/massive galaxies staying relatively stable along cosmic time, while the merger rate of intermediate luminosity/mass galaxies was stronger in the past (de Ravel et al. 2009 ). Major mergers have been shown to contribute a significant but not dominant part of the mass growth above the characteristic luminosity L * , with major mergers being responsible for about 20% of the stellar mass growth (Bundy et al. 2009; Wild et al. 2009; de Ravel et al. 2009; López-Sanjuan et al. 2010b ).
As major mergers are apparently not the most important contributor to the mass growth since z ∼ 1, other processes need to have taken place. Secular processes such as steady cold accretion (Genel et al. 2010 , and references therein) or other mass accretion processes like minor mergers must drive this transformation. The merging of smaller galaxies with a more massive one, the minor merger process, is a possible way to increase the mass of galaxies as minor mergers, if frequent, could lead to a significant mass increase. Indirect evidence for minor merging has been presented in the recent literature, including recent star formation in early-type galaxies being compatible with a minor merger origin (Kaviraj et al. 2007 (Kaviraj et al. , 2009 Fernández-Ontiveros et al. 2011) , as confirmed by simulations (Mihos & Hernquist 1994; Bournaud et al. 2007 ).
However, so far only few attempts to study the minor merger rate in the local Universe or beyond have been published. Unfortunately, to our knowledge, there are no references to the minor merger rate in local galaxies. At higher redshifts, Lotz et al. (2008) and Jogee et al. (2009) use distortions in galaxy morphologies to infer that the combined major and minor merger fraction is nearly constant since z ∼ 1. On the other hand, López-Sanjuan et al. (2010a) estimates that the major and minor merger rate is ∼ 1.7 times the major rate for log (M ⋆ /M ⊙ ) ≥ 10 galaxies in GOODS-S at 0.2 < z < 1.1 from their spectrophotometric catalogue.
Here we report the results from the first measurement of the minor merger fraction and rate using kinematically confirmed close pairs. We use the VVDS-Deep spectroscopic redshift survey which offers a unique combination of deep spectroscopy (I AB ≤ 24) to identify faint merging companions, and a wide area (0.5 deg 2 ) which contains enough bright galaxies for a statistically robust analysis. This paper is organized as follows. In Sect. 2 we summarize the second epoch VVDS-Deep survey data set, while in Sect. 3 the methodology and weight scheme to obtain the merger fraction by close pair statistics and its extension to the regime of minor companions. In Sect. 4 we measure the merger fraction as a function of the redshift and the luminosity ratio between the galaxies in pairs, while in Sect. 5 we study the merger fraction of red and blue galaxies. We estimate the minor merger rate of bright galaxies in Sect. 6, and we discuss the implications of our results in Sect. 7. Finally, we present our conclusion in Sect. 8. We use H 0 = 100h km s −1 Mpc −1 , h = 0.7, Ω M = 0.3, and Ω Λ = 0.7 throughout. All reported magnitudes are AB.
VVDS-Deep sample
The VVDS-Deep sample 1 (Le Fèvre et al. 2005b ) is magnitude selected with 17.5 ≤ I AB ≤ 24. The spectroscopic survey has been conducted on the 0224-04 field with the VIMOS multi-slit spectrograph on the VLT (Le Fèvre et al. 2003) , with 4h integration using the LRRED grism at a spectral resolution R ∼ 230. The multi-slit data processing has been performed using the VIPGI package (Scodeggio et al. 2005 ). Redshift measurement has followed a strict approach, with initial guesses based on cross-correlation with reference templates at the same redshift, followed by careful eye-checking independently by two team members before confronting their results. The final redshifts and quality flags follow a statistically well defined behaviour, leading to a survey for which at least 80% of the sample has a secure redshift. This comprises sources with quality flag = 4 (99% secure), 3 (95% secure), 2 (80% secure) and 9 (those with only a 1 http://www.oamp.fr/virmos/vvds.htm single secure spectral feature in emission in their spectrum). The accuracy in the redshift measurement is 276 km s −1 . Deep photometry is available in this field from a first campaign with the CFH12K camera (Le Fèvre et al. 2004 and McCracken et al. 2003) , followed by very deep observations with the CFHTLS survey. Using photometric redshifts , we show that for the galaxies making up the 20% incompleteness, about 10% have a tentative (quality flag = 1) spectroscopic redshift which is right for 50% of them, the other 10% have wrong or unknown spectroscopic redshifts, but we use photometric redshift estimates to fully understand the survey completeness as a function of magnitude, type, and redshift.
A total of 8359 galaxies with 0 < z spec ≤ 1.2 and 17.5 ≤ I AB ≤ 24 (primary objects with flags = 1,2,3,4,9; and secondary objects, those that lie by chance in the slits, with flags = 21, 22, 23, 24, 29) from second epoch VVDS-Deep data (Le Fèvre et al., in prep.) have been used in this paper. Note that we have used flag = 1 sources, which are 50% secure and that have not been used in previous VVDS-Deep works, thanks to the improved weighting scheme in VVDS-Deep (see Sect. 3.1, for details).
Statistics of minor close companions in spectroscopic samples
In this section we review the commonly used methodology for computing major merger fractions by close pair statistics in spectroscopic samples, and we extend it to search for minor (i.e., faint) companions in the VVDS-Deep. The distance between two sources can be measured as a function of their projected separation, r p = θd A (z i ), and their rest-frame relative velocity along the line of sight, ∆v = c|z j − z i |/(1 + z i ), where z i and z j are the redshift of the principal (more luminous galaxy in the pair) and the companion galaxy, respectively; θ is the angular separation, in arcsec, of the two galaxies on the sky plane; and d A (z) is the angular scale, in kpc/arcsec, at redshift z. Two galaxies are defined as a close pair if r min p < r p ≤ r max p and ∆v ≤ ∆v max . The inner limit in r p is imposed to avoid spatial resolution limitations due to the size of the observed point spread function. Reasonable limits for ground-based data are r
and ∆v max = 500 km s −1 . With these constraints, it is expected that 50%-70% of the selected close pairs will finally merge (Patton et al. 2000; Patton & Atfield 2008; Lin et al. 2004 Lin et al. , 2010 Bell et al. 2006) . We used ∆v max = 500 km s −1 , r min p = 5h −1 kpc, and varied the value of r max p from 30h −1 kpc to 100h −1 kpc to study the dependence of the merger fraction with the surrounding volume.
We select principal galaxies as defined below and we look for companion galaxies that fulfill the close pair criterion for each galaxy of the principal sample. If one principal galaxy has more than one close companion, we take each possible pair separately (i.e., for the close galaxies A,B, and C, we study the pairs A-B, B-C, and A-C as independent). In addition, we impose a rest-frame B-band luminosity difference between the pair members. We denote the ratio between the luminosity of the principal galaxy, L B,1 , and the companion galaxy, L B,2 , as
and looked for those systems with L B,2 ≥ µL B,1 or, equivalently, M B,2 − M B,1 ≤ ∆M B = −2.5 log µ, where M B,1 and M B,2 are the B−band absolute magnitudes of the principal and companion galaxy in the pair, respectively. We define as major companions those close pairs with µ ≥ 1/4, while minor companions those with 1/10 ≤ µ < 1/4. We aimed to reach the minor companion regime, i.e., µ = 1/10 (∆M B = 2.5). For this, we define our principal galaxy sample and companions, and redshift ranges, to preserve statistical robustness and to minimize completeness corrections (see next section). We select as principal galaxies those with M e B ≤ −20 ∼ M * B (e.g., Ilbert et al. 2005) , where M e B = M B + Qz and the constant Q = 1.1 accounts for the evolution of the luminosity function in VVDS-Deep survey (Ilbert et al. 2005) . With this limit, companions with µ down to 1/10 will be included in the VVDS-Deep sample (Fig. 1) . Thanks to the wide area of VVDS-Deep, we have 1011 principal galaxies at 0.1 < z < 1.0. To study minor companions we define as companion galaxies those with M e B ≤ −17.5, and impose different luminosity ratios, µ ≥ 1/2, 1/3, 1/4, 1/5, 1/6, 1/7, 1/8, and 1/10 (∆M B = 0.75, 1.2, 1.5, 1.75, 1.95, 2.1, 2.25, and 2.5, respectively). We define two redshift bins, named z r,1 = [0.2, 0.65) and z r,2 = [0.65, 0.95). In these bins, the mean redshifts of the principal galaxies, weighted to take into account their spectroscopic completeness (see next section for details), are z r,1 = 0.5 and z r,2 = 0.8. In the former we are complete for µ ≥ 1/10 companions, while in the latter we reach µ ≥ 1/5 (Fig. 1 ), therefore requiring a completeness correction for 1/10 ≤ µ < 1/5 companions (Sect. 3.1). We are able to reach this faint companions regime due to the depth of the VVDS-Deep spectroscopy (I AB ≤ 24). The number of principal galaxies is n 1 = 351 at z r,1 and n 2 = 544 at z r,2 , this is, n 2 /n 1 = 1.55. On the other hand, the ratio between the probed cosmological volumes is V 2 /V 1 = 1.52, so the number density of principal galaxies is similar in both ranges. Using the group catalog from the VVDS-Deep second-epoch data presented in Cucciati et al. (2010) 2 we find that 14%/13% of principal galaxies at z r,1 /z r,2 are in a group with three or more members. Hence, also the environment of our principal galaxies is similar in both ranges under study.
If we find N p close pairs in our sample for a given luminosity ratio µ, the merger fraction is
where N 1 is the number of galaxies in the principal sample. With this definition the merger fraction is cumulative when µ decrease. This simple definition is valid for volume-limited samples, while we work with spectroscopic, luminosity-limited samples. Because of this, we must take into account the different selection effects in our measurement of the merger fraction.
Accounting for selection effects
Following de Ravel et al. (2009) , we correct for three basic selection effects:
1. the limiting magnitude I AB = 24 which imposes a loss of faint companions. 2. the spatial sampling rate and the spectroscopic success rate in measuring redshifts. 3. the loss of pairs at small separations because of the ground based seeing limitation of the observations. The spectroscopic targets have been selected on the basis of the magnitude criterion 17.5 ≤ I AB ≤ 24. Therefore, we miss companions of the principal galaxies which have an absolute magnitude fainter than imposed by the I AB = 24 cut off and the ∆M B magnitude difference, artificially lowering the number of pairs. To take this into account we compute for each observed pair a weight w k mag (M B,1 , z) using the ratio between the co-moving number densities above and below the magnitude cut off (Patton et al. 2000) :
where M (z) . We note that the number of companions with µ ≥ 1/10 is complete for all principal sources with M e B ≤ −20 at z r,1 and ∼ 50% at z r,2 (Fig. 1) , while the completeness is ∼ 70%, 80%, 90% and 100% at z r,2 for companions with µ ≥ 1/8, 1/7, 1/6 and 1/5, respectively. That is, w k mag 1 only for 1/10 ≤ µ < 1/5 companions of some systems at 0.65 ≤ z < 0.95. We further test the weights w k mag in Sect. 4. Since ∼25% of the total number of potential targets in the VVDS-Deep field have been spectroscopically observed and the redshifts are not measured with 100% certainty, we must correct for the VVDS-Deep target sampling rate and redshift success rate. These have been well constrained resulting in the Target Sampling Rate (TSR) and the Spectroscopic Success Rate (SSR) computed as a function of redshift, source magnitude and source size (x). The SSR has been assumed independent of the galaxy type, as demonstrated up to z ∼ 1 in Zucca et al. (2006) . As several first epoch VVDS-Deep galaxies with flag 1 and 2 have been re-observed in the VVDS-Ultradeep survey (I AB ≤ 24. 75, Le Fèvre et al., in prep.) , providing a robust measurement of their redshift, this offers the opportunity to estimate the reliability of VVDS-Deep flag = 1 and 2 sources, and we define a weight w 129 to take this into account. We also define the weight w 129 for flag = 9 sources by comparison with the latest photometric redshifts in the VVDS-Deep field (see Cucciati et al. 2010 , for details about the latest photometric data set in this field). By definition, w 129 = 1 for flag = 3 and 4 sources. We derived the spectroscopic completeness weight for each galaxy i in the catalogue as
and assigned a weight w The last correction we need to apply results from the observations which have been performed under a typical ground based seeing of 1 ′′ . We correct for the increasing incompleteness in targeting both components of close pairs as the separation between them is getting smaller. Assuming a clustered distribution of galaxies, the number of galaxy pairs should be a monotonically decreasing function of the pair separation (e.g., Bell et al. 2006; Lin et al. 2008) . However, pairs start to be under-counted for separations θ ≤ 2 ′′ because of seeing effects. We apply a weight w k θ on each pair using the ratio
where the mean ratio a is the probability to randomly select a pair, obtained at large separations, and r zz (θ k ) is the ratio between the observed pair count in the spectroscopic catalogue, N zz , over the observed pair count in the photometric one, N pp . For large separations (θ > 50 ′′ ), r zz ∼ a, but at small separations r zz < a because of the artificial decrease of pairs due to seeing effects (see de Ravel et al. 2009 , for further details). This weight also accounts for other geometrical biases in the survey, e.g., those related with the minimum separation between slits. Compared to the weight w k θ for the total major merger population (de Ravel et al. 2009 ), the weight for faint companions could be different as it is more difficult to measure the z spec of fainter galaxies located near a bright principal galaxy. To explore this possibility, we compare the number of photometric and spectroscopic pairs for a given angular distance and luminosity difference in the I AB band between the pair members (∆I AB ). We study the variation of r zz (θ k , ∆I AB ) from θ = 1 ′′ to 100 ′′ for four different luminosity differences, ∆I AB ≤ 0.75, 0.75 < ∆I AB ≤ 1.5, 1.5 < ∆I AB ≤ 2, and 2 < ∆I AB ≤ 2.5. We find that in all cases r zz tends to become constant at large angular separations, while at θ 10 ′′ the value of r zz tends to be lower for higher ∆I AB , making it more difficult to recover a faint companion than a bright one. However, when compared with the global value of r zz , this systematic effect leads to differences 5%. Because the dispersion in the global w k θ is ∼ 10%, we have decided not to apply any correction to this systematic effect.
Finally, the corrected merger fraction is kpc as a function of luminosity ratio µ. In order to estimate the error of f m we used the jackknife technique (Efron 1982) . We computed partial standard deviations, δ k , for each system k by taking the difference between the measured f m and the same quantity with the kth pair removed for the sample, f
For a sample with N p systems, the variance is given by σ
We checked that the variances estimated by jackknife technique are similar, within ∼ 10%, to those estimated by a Bayesian approach (Cameron 2010) .
The minor merger fraction of L B L *

B galaxies
In this section we study the merger fraction of bright galaxies as a function of µ, reaching the minor companion regime (1/10 ≤ µ < 1/4) with spectroscopically confirmed close pairs. We summarize the values of f m (≥ µ) obtained at z r,1 = [0.2, 0.65) and z r,2 = [0.65, 0.95) for r max p = 100h −1 kpc and different luminosity ratios in Table 1 , and show them in Fig. 2 . The merger fraction decreases with cosmic time for all µ, but this difference is lower for smaller µ values. The merger fraction at both redshift bins increases when µ decreases, a natural consequence of our f m (≥ µ) definition as the fraction of principal galaxies with a L B,2 ≥ µL B,1 companion. * The observed dependence of f m on µ is well parametrized as
where f MM is the major merger fraction (µ ≥ µ MM = 1/4). This dependence was predicted by the cosmological simulations of Maller et al. (2006) and used by López-Sanjuan et al. (2010a) in mass-selected spectro-photometric close pairs. We set the value of f MM to the observed one and used Generalized Least Squares (GLS) to estimate the power-law index s (see Appendix A, for details). The GLS fit to the Table 1 data yields s = −0.60 ± 0.08 at z = 0.8 and s = −1.02 ± 0.13 at z = 0.5. To obtain a robust value of s at each redshift range under study, we determine s for different r max p . We summarize our results in Table 2 and show them in Fig. 3 . The values of s measured at r We find that the value of s decreases with cosmic time, reflecting a differential evolution in the merger fraction of major and minor companions. We checked that our incompleteness in the range z r,2 (Sect. 3) does not bias our results with the following test. We define a companion sample with M B ≤ −17.17 − 2.8z. This sample becomes artificially incomplete for companions with µ ≥ 1/10 and µ ≥ 1/5 at z ≥ 0.2 and z ≥ 0.65, respectively; that is, in our first redshift bin, and mimic the completeness behaviour of our companion sample at z r,2 . Then, we repeat the previous analysis with the artificially incomplete sample, obtaining s = −0.99 ± 0.08, which is similar to the original value measured in the complete sample. This implies that the weights w k mag properly account for the missing faint companions and that the observed evolution of the index s with redshift in VVDS-Deep is a robust result. We also study how the luminosity function assumed in w k mag determination affects the measured merger fractions. We used the B−band luminosity functions from Giallongo et al. (2005) We then studied the dependency of the major merger fraction, f MM , on the search radius. We summarize the f MM values for all r max p under study in Table 3 and show them in Fig. 4 . The value of f MM increases with the search radius and is well described in both redshift ranges by a power-law with index q = 0.95 ± 0.20. Regarding redshift evolution, the major merger fraction increases with redshift, in agreement with previous results in the literature (e.g., Le Fèvre et al. 2000; Conselice 2006; Rawat et al. 2008; de Ravel et al. 2009; López-Sanjuan et al. 2009a,b) . We study this evolution in more details in Sect. 7.1. Table 4 . Minor merger fraction,
0.084 ± 0.035 0.058 ± 0.025 50 0.136 ± 0.057 0.107 ± 0.034 100 0.259 ± 0.087 0.209 ± 0.052
We can estimate the minor-to-major merger fraction ratio, denoted f m/M , as
where µ MM and µ mm are the luminosity ratios for major and minor mergers, respectively. This definition does not depend on the normalization of the merger fraction, that varies with r max p (Fig. 4) . We assume µ MM = 1/4 and µ mm = 1/10. We find that f m/M = 0.73 ± 0.13 at z = 0.8, and f m/M = 1.55 ± 0.30 at z = 0.5. Therefore, minor companions become more numerous than major ones as one is going to lower redshifts. To illustrate this, and to facilitate future comparisons, we summarize our best estimation of the minor merger fraction for r max p = 30h −1 , 50h −1 , and 100h −1 kpc in Table 4 , and show the minor, major and total (major + minor) merger fractions for r max p = 100h −1 kpc in Fig. 5 . The typical error in the minor merger fraction is ∼ 30 − 40%. Our measurements seem to indicate that the minor merger fraction increases with cosmic time. This trend becomes more robust when we further compare our results to a local (z ∼ 0.1) estimation of the minor merger fraction, Sect. 7.1.
The minor merger fraction of red and blue galaxies
In this section we study the merger fraction as a function of the blue or red colour of the principal galaxy in the pair. To split our M e B ≤ −20 galaxies into red and blue, we study their distribution in the M NUV −M r versus M r −M J plane. The UV -optical colours is a better tracer of recent star formation than typical optical -optical colours Schiminovich et al. 2007; Arnouts et al. 2007; Kaviraj et al. 2007) , while the addition of an optical -infrared colour to the UV -optical helps to break the degeneracy between old and dusty star-forming (SF) red galaxies (Williams et al. 2009; Ilbert et al. 2010) . Another possibility to separate old and dusty red galaxies is to perform a dust reddening correction. This also makes possible a clean separation between the red quiescent sequence and the blue star-forming cloud, since the "green valley" region between both sequences is mainly populated by dusty SF galaxies Cortese et al. 2008; Salim et al. 2009; Brammer et al. 2009 ).
In Fig. 6 , we show the number density contours of M e B ≤ −20 galaxies in the M NUV − M r versus M r − M J plane for the two redshifts ranges under study, z r,1 = [0.2, 0.65) and z r,2 = [0.65, 0.95). We only show those galaxies detected in the K band to avoid that M J was an extrapolation from the fit to the optical photometry. We find a red sequence and a blue cloud in both redshift ranges, as expected from previous works (e.g., Arnouts et al. 2007; Franzetti et al. 2007 ). Both populations are well separated using a constant cut M NUV − M r = 4.25. Because kpc as a function of redshift. The points are shifted when necessary to avoid overlap. The z error bars in the total merger fraction mark the redshift range spanned by VVDS-Deep data. The inverted triangle is the major merger fraction at z = 0.09 from MGC. The white rectangle is the local (z = 0.09) minor merger fraction derived from the total and the major merger ones, while the gray area identifies the most probable minor merger fraction values in the range 0 < z < 1 (see text for details). The solid line is the best fit of a power-law function with a fixed index,
−0.4 , to the minor merger fraction data. The dashed line is the least-squares best fit of a power-law function to the major merger fraction data. The dotted line is the major + minor merger fraction if it is assumed constant. [A colour version of this plot is available at the electronic edition].
of our rest-frame B−band luminosity selection, we do not find a significant population of red (M NUV − M r 4), dusty SF (M r − M J 1) galaxies (i.e., they are faint due to the dust extinction). In contrast, this population appears in NIR-selected samples, as those from Ilbert et al. (2010) or Bundy et al. (2010) . To explore in more details the nature of red and blue sources, we use the spectro-photometric types (S types ) of the galaxies. These spectro-photometric types were obtained by fitting 62 templates, that include ellipticals and S0's (S type = 1 − 13), early-type spirals (S type = 14 − 29), late-type spirals (S type = 30 − 43), and irregulars and starburst (S type = 44 − 62; see Zucca et al. 2006 , for details). In Fig. 6 , we also show the number density contours of M e B ≤ −20 galaxies when we split them into early (S types ≤ 8) and late (S types > 8) types. We show that, as expected, red sequence galaxies are mainly (∼ 90%) early types, while blue cloud is populated (∼ 95%) by later types (see also Arnouts et al. 2007 ). Because of this, and for simplicity, we define red, quiescent galaxies as those with M NUV − M r ≥ 4.25, and blue, star-forming galaxies as those with M NUV − M r < 4.25. We note that the trends and main results in this section remain the same if we either vary the blue-red limit by ±0.25 mag or use spectro-photometric types to define an early (i.e., red) and a late (i.e., blue) population.
With the previous definitions, the principal sample comprises 268 red and 743 blue sources. We look for r max p = 100h −1 kpc close companions, regardless of their colour, to ensure good statistics. As was mentioned in the previous section, the trends obtained with this search radius are representative to trends observed at smaller separation. We find that: * B galaxies 7 spectro-photometric types, respectively. We show those galaxies detected in the K band. The number of sources in each interval, n gal , is labeled in the panels. The black solid line is the condition M NUV − M r = 4.25 that we use to split our galaxies into red and blue. [A colour version of this plot is available at the electronic edition].
-The merger fraction of red galaxies ( f red m ; Table 5 ) is higher than the merger fraction of blue galaxies ( f blue m ; Table 6 ). For major mergers at z = 0.8, both fractions are comparable. -f red m evolves little, if any, with cosmic time. Because of this lack of evolution, and to obtain better statistics, we combine both redshift ranges in the following (fourth column in Table 5 , and Fig. 7) . We find that the power-law index is s = −0.79 ± 0.12 in the range 0.2 ≤ z < 0.95. This implies that red galaxies have a similar number of minor and major companions, f
is lower at z = 0.5 than at z = 0.8. The observed evolution is faster for higher values of µ (Fig. 7) , so we obtain different (> 2σ) values for the power-law index: s = −0.52 ± 0.10 at z = 0.8 and s = −1.26 ± 0.20 at z = 0.5. The ratio of minor-to-major companions of blue galaxies grows from f The fraction of principal galaxies that have a companion and are blue, f blue,1 = N blue p /N p , does not depend on µ at z = 0.8, f blue,1 ∼ 70%. On the other hand, f blue,1 increases when µ decreases at z = 0.5, varying from f blue,1 ∼ 50% at µ ≥ 1/10 to f blue,1 ∼ 40% at µ ≥ 1/4, in contrast with ∼ 70% at z = 0.8. The fraction of principal galaxies that have a companion and are red is f red,1 = N red p /N p = 1 − f blue,1 . We find that the fraction of companions that are blue is f blue,2 ∼ 0.8, regardless either of the colour of the principal or µ. This means that red-red (dry), red-blue or blue-red (mixed), and blue-blue (wet) pairs account for ∼10%/40%/50% of the pairs with a minor companion in all the redshift range under study. This lack of evolution contrasts with the strong evolution of major mergers, for which the relative fractions are ∼5%/40%/55% at z = 0.8 (similar to the minor ones), and ∼10%/60%/30% at z = 0.5. From z ∼ 0.8 to z ∼ 0.5, the fraction of wet major mergers decreases by a factor of two, while dry and mixed mergers increase their importance. Our major merger trends are in agreement with de Ravel et al. (2009) using an expanded data set, as well as previous works, e.g., Lin et al. (2008) ; Bundy et al. (2009) . These results show that the relative fraction of dry and mixed major mergers become more important with cosmic time for L B L * B galaxies in our redshift range due to the lack of blue primaries with major companions at low redshift, rather than from an increase in the major merger fractions of red galaxies as also pointed out by Lin et al. (2008) . Previous work finds that the major merger fraction from close pairs depends on mass, with more massive galaxies having higher merger fractions (de Ravel et al. 2009; Bundy et al. 2009 ). If blue principal galaxies at z = 0.8 were more massive by a factor of 3 than at z = 0.5 because of our B−band luminosity selection, this would explain the observed trend in f blue m . Using stellar masses determined in Pozzetti et al. (2007) , we do not find a significant change (less than 0.1 dex) in the median mass of red, log (M ⋆,red /M ⊙ ) ∼ 10.8, and blue, log (M ⋆,blue /M ⊙ ) ∼ 10.3, principal galaxies. This supports that the observed trends reflect a real evolution in the merger properties of blue galaxies. In addition, our results imply that more massive (red) galaxies have higher merger fractions than lower mass (blue) galaxies, in agreement with de Ravel et al. (2009) and Bundy et al. (2009) . The study of the major and minor merger fraction in mass selected galaxies is beyond the scope of the present paper, and we will address this issue in a future work.
6. The minor merger rate of L B L * B galaxies 6.1. The minor merger rate of the full population Our goal in this section is to estimate the minor merger (1/10 ≤ µ < 1/4) rate of bright galaxies in the range 0.2 ≤ z < 0.95. In the following we name the merger rate the number of mergers per Gyr per galaxy, noted R. Because the parameters involved in the translation of the merger fraction to the merger rate are better constrained for major mergers, we estimate them first and then expand to the minor merger rate.
Following de Ravel et al. (2009), we define the major merger rate as
where the factor C p takes into account the lost companions in the inner 5h −1 kpc (Bell et al. 2006 ) and the factor C m is the fraction of the observed close pairs that finally merge in a typical timescale T MM . We take C p = r max p /(r max p − 5h −1 kpc). The typical merger timescale depends on r max p and can be estimated by cosmological and N-body simulations. We compute the major merger timescales from the cosmological simulations of Kitzbichler & White (2008) , based on the Millennium simulation (Springel et al. 2005) . These major merger timescales, denoted T K08 MM , refer to major mergers (µ > 1/4 in stellar mass), and depend mainly on r max p and on the stellar mass of the principal galaxy, with a weak dependence on redshift in our range of interest (see de Ravel et al. 2009 , for details). Taking log (M ⋆ /M ⊙ ) = 10.7 as the average stellar mass of our principal galaxies with a close companion, we obtain the values in Table 7 for r max p = 30, 50 and 100 h −1 kpc, and ∆v max = 500 km s −1 . In every case we assume an uncertainty of 0.2 dex in the mass of the principal galaxies to estimate the error in T K08 MM . These timescales already include the factor C m (see Patton & Atfield 2008; Bundy et al. 2009; Lin et al. 2010 ), so we take C m = 1 in the following. These timescales are for central -satellite mergers, and satellite -satellite pairs could have different timescales. However, only 1 of the 103 close pairs under study is satellite -satellite, so the use of principal -satellite timescales is justified. We also remark that the velocity condition ∆v max = 500 km s −1 selects close bound systems even when they are located in dense environments, but in these environments the probability of finding unbound close pairs increases. This is taken into account in the cosmological averaged merger timescales (see also Lin et al. 2010) .
Since the assumed merger timescale is the most uncertain quantity in Eq. (9), we compare T K08 MM with other recent estimations in the literature. Lotz et al. (2010b) perform Nbody/hydrodynamical simulations of major and minor mergers to study the merger timescales of morphological and close pair approaches. The principal galaxy in their simulations has log (M ⋆ /M ⊙ ) = 10.7, similar to the average mass of our principal galaxies with a close companion, so their major merger timescales, denoted T JL10 MM , should be comparable to the previous T K08 MM . We summarize the average values of T JL10 MM in Table 7 after correcting with the factor C p . We find that T −1 kpc (this value includes the factor C m = 0.7 derived from their simulations). This timescale is lower by a factor of two than the one from Kitzbichler & White (2008) for this mass, T K08 MM = 2.7 Gyr. However, Kitzbichler & White (2008) assume that the galaxy merger occurs a dynamical friction time after the dark matter halo merger; while Lin et al. (2010) do not consider this extra time. This fact mitigates the difference between both works, but a more detailed comparison is needed. In the following we omit the super index in T K08 MM for clarity. The merger rate is an absolute quantity, and should not depend on the r 
From our observational results we infer that ∆T MM (50, 30) = 1.5 and ∆T MM (100, 50) = 1.8. These values compare nicely with the ratios from Table 7 timescales, ∆T MM (50, 30) = 1.6 and ∆T MM (100, 50) = 1.8. This supports the robustness of the assumed T MM , although the normalization of these timescales have a factor of two uncertainty. We estimate the final major merger rate averaging the values derived from the 30, 50 and 100h
The minor merger rate of L B L * B galaxies 9 We obtain the minor merger rate, defined as the merger rate of 1/10 ≤ µ < 1/4 close pairs, from the major one as
where the factor Υ accounts for the difference in the minor merger timescale with respect to the major merger one in close pairs, T mm = Υ × T MM . Only a few studies in the literature attempt to estimate Υ: Jiang et al. (2008) study the merger timescale of dark matter haloes, finding Υ ∼ 2. On the other hand, Lotz et al. (2010b) obtain Υ = 1.5 ± 0.1 from Nbody/hydrodynamical simulations. As we have already shown, the major merger timescales from Lotz et al. (2010b) are similar to ours, so we assume the minor-to-major merger time scale from Lotz et al. (2010b) in the following. We also assume that the factor C m for minor mergers is the same as the one for major mergers. Finally, the total merger rate is R m = R MM + R mm . We summarize our results on the merger rates in Table 8 , and we show them in the Fig. 8 . We find that 1. The minor merger rate R mm (1/10 ≤ µ < 1/4) decreases with increasing redshift, although our measurements are consistent with a constant minor merger rate within errors. We further discuss the evolution of R mm in Sect. 7.3. This is the first quantitative measurement of the minor merger rate using close pair statistics at these redshifts. 2. This trend is clearly different from the evolution of the major merger rate (µ ≥ 1/4) which we find is increasing with redshift, in agreement with de Ravel et al. 
The minor merger rate of red and blue galaxies
We apply the steps in the previous section to estimate the major, minor and total merger rate of red and blue galaxies. We take T kpc because of the different average stellar mass of red and blue principal galaxies, while the factor Υ does not depend on the gas content of the galaxies (Lotz et al. 2010a ). The merger rates that we obtain are listed in Table 8 . The merger rates (minor and major) of red galaxies do not evolve with redshift in the range under study, R /4) , squares are the minor merger rate (1/10 ≤ µ < 1/4), and triangles are the total (major + minor, µ ≥ 1/10) merger rate. The points are shifted when necessary to avoid overlap. The z error bars in the total merger rate mark the redshift range spanned by VVDS-Deep data. The inverted triangle is the major merger rate of M e B ≤ −20 galaxies from MGC at z = 0.09. The white rectangle identifies the local (z = 0.09) minor merger fraction estimated from the total and the major merger ones, while the gray area marks the most probable minor merger rate values in the range 0 < z < 1 (see text for details). The solid line is the best fit of a power-law function with a fixed index, f mm ∝ (1 + z) −0.5 , to the minor merger rate data. The dashed line is the least-squares fit of a power-law function to the major merger rate data. The dotted line is the major + minor merger rate if it is assumed constant.
[A colour version of this plot is available at the electronic edition].
in their cosmological simulations are R mm = 0.06 Gyr −1 and R MM = 0.08 Gyr −1 , in good agreement with our observed values. On the other hand, Stewart et al. (2009) model predicts that R mm ∼ R MM for µ MM = 1/3 (see also Hopkins et al. 2009c) , while from our observations we infer R mm = 1.1 × R MM for µ MM = 1/3.
The minor merger rate of blue galaxies, denoted R blue mm , increases by ∼20% from z = 0.8 to z = 0.5, but the measured values are compatible with a constant merger rate within error bars, R blue mm ∼ 0.027 Gyr −1 . To the contrary, the major merger rate, denoted R blue MM , decreases by a factor of three from z = 0.8 to z = 0.5, as noted by de Ravel et al. (2009) . These trends suggest that the stability or increase with cosmic time of the minor merger rate found in the previous section is a consequence of the evolution in the fraction of bright galaxies that are red: as time goes by, the red fraction increases (e.g., Fontana et al. 2009; Ilbert et al. 2010) . Because the minor merger rate of red galaxies is a factor of ∼ 2.5 higher than the one of blue galaxies, and both are roughly constant, the increase in the red fraction implies an increase in the global (red+blue) minor merger rate. This effect is also present in the major merger rate, but in this case R blue MM decreases with cosmic time, and the increase in the red fraction is only a mild evolution, as found by de Ravel et al. (2009) .
The volumetric minor merger rate
The volumetric merger rate (i.e., the number of mergers per unit volume and time) is a complementary measure to the merger rate estimated in the previous sections. To obtain the volumetric merger rate, denoted ℜ, we multiply the merger rate by * B galaxies Table 8 . Minor, major and total merger rate of L B L * B galaxies
Merger rate All galaxies Red galaxies Blue galaxies (Ilbert et al. 2005) . We summarize the values of ℜ in Table 9 . All trends are similar to those found in the previous section. Interestingly, we find that ℜ red mm ∼ ℜ blue mm ∼ 3.5 × 10 −5 Mpc −3 Gyr −1 . The merger rate of red galaxies is higher by a factor of ∼ 2.5 than that of the blue ones, but the number density of the latter is higher than of the former, hence making the volumetric merger rates comparable.
Discussion
In this section we estimate the evolution of the minor merger fraction and rate with redshift, and discuss the contribution of minor mergers to the evolution of bright galaxies since z ∼ 1, comparing it to the contribution of major mergers.
The evolution of the minor merger fraction with redshift
The evolution of the merger faction with redshift up to z ∼ 1. 
Our results alone suggest that the merger fraction evolves faster for higher µ, with m = 5.6 for equal luminosity companions (µ = 1), m = 2.4 for major companions with µ ≥ 1/4, and m = 0.8 for major + minor companions (µ ≥ 1/10). This mild evolution in the total (major + minor) merger fraction is also suggested by the morphological studies of Lotz et al. (2008) and Jogee et al. (2009) . To better constrain the evolution with redshift of the minor merger fraction, a local reference is important. Darg et al. (2010) estimate that the minor merger fraction is similar to the major one ( f m/M ∼ 1, µ 1/3) in Galaxy Zoo 3 (Lintott et al. 2008 ); the latter is based on the visual classification of Sloan Digital Sky Survey (SDSS 4 , Adelman-McCarthy et al. 2006) galaxies by internet users. However, their sample is incomplete for minor companions, so their f m/M is a lower limit. On the other hand, Woods & Geller (2007) study the different properties of major (∆m z < 2, µ 1/7) and minor (∆m z > 2, µ 1/7) close pairs in SDSS. Unfortunately, they do not attempt to derive merger fractions, but the influence of close companions on galaxy properties (see also Ellison et al. 2008; Patton et al. 2011) . Therefore, to our knowledge, there does not seem to be any local estimation of the minor merger fraction of bright galaxies in the literature. As a close proxy, we estimate the local merger fraction as f mm = f m (µ ≥ 1/10) − f MM . We follow the methodology in Sect. 3 to measure the major (µ ≥ 1/4) merger fraction of M kpc. We then assume two different types of evolution for the major + minor merger fraction: (1) a constant evolution with redshift, f m (µ ≥ 1/10) = 0.461 for r max p = 100h −1 kpc, which implies f mm (0.09) = 0.322; and (2) an evolution which evolves with redshift as m = 0.8 (fit of a power-law function to our observational major + minor merger fractions), which implies f mm (0.09) = 0.187. Finally, we fit Eq. (12) to our minor merger fraction data and both local estimates, defining a confidence area for the minor merger fraction between z = 0 and z = 1 (Fig. 5) . This area is limited by the following curves,
The power law-index from the fits is m = −0.4 ± 0.7. The negative value implies that the minor merger fraction decreases with increasing redshift. We note that our results are compatible with a constant f mm since z = 1 (i.e., m = 0). Even in that case, the minor merger fraction does not evolve in the same way as the major one, that increases with redshift (m > 0, see below). Abbas et al. (2010) use Halo Occupation Distribution (HOD) models to interpret the evolution since z ∼ 1 of the correlation function from VVDS-Deep (see also Le Fèvre et al. 2005a ) and SDSS. Their results suggest that the average number of satellite galaxies per dark matter halo increases with cosmic time, which could be related with our suggested increase in the minor merger fraction. Specifically, we expect the minor merger fraction in the local universe to be two to three times the major merger one. Direct measurements of the minor merger fraction at low redshift will be needed to better constrain the minor merger fraction evolution with z. The least-squares fit to the major merger data yields (Fig. 5 )
In a previous work in VVDS-Deep, de Ravel et al. (2009) measured the major merger fraction (µ ≥ 1/4) of less luminous galaxies than those reported in present paper. They find that the major merger fraction evolves faster with z for fainter samples, with a power-law index m = 4.7 for M e B ≤ −18 galaxies and m = 3.1 for M e B ≤ −18.77 galaxies. The evolution of m = 1.3 for the major merger fraction of M e B ≤ −20 galaxies confirms the trend found by de Ravel et al. (2009) and extends it to brighter galaxies. * B galaxies 11 Table 9 . Minor, major and total volumetric merger rate of L B L * B galaxies
Merger rate All galaxies Red galaxies Blue galaxies
12.6 ± 3.8 4.4 ± 1.2 2.8 ± 1.0 8.3 ± 1.9 ℜ mm 8.6 ± 3.6 6.1 ± 2.2 3.1 ± 1.1 4.0 ± 1.8 3.4 ± 1.2 ℜ m 16.8 ± 4.7 18.8 ± 4.4 7.5 ± 1.6 6.8 ± 2.0 11.7 ± 2.3
7.2. The evolution of the power-law index s with redshift
In a previous study, López-Sanjuan et al. (2010a) have attempted to measure the power-law index s. They find s ∼ −0.6 at z ∈ [0.2, 1.1) for principal galaxies with M ⋆ 10 10 M ⊙ . This value is similar to ours at z = 0.8, but at z ∼ 0.5 the discrepancy between both studies is important (> 2σ). This suggests that s depends not only on both redshift and colour, but also on stellar mass. Because the B-band luminosities of red galaxies are only slightly affected by star formation, our red merger fraction is a proxy of the merger fraction of log (M ⋆ /M ⊙ ) ∼ 10.8 galaxies. We therefore find that the power-law index does not evolve for massive galaxies, s = −0.79 ± 0.12. This, combining with López-Sanjuan et al. (2010a) results, suggests that (i) s does not evolve with z in mass-selected samples; that is, the evolution of the total (major + minor) merger fraction is similar to that of the major merger one, as predicted by the cosmological models of Stewart et al. (2009) , and (ii) the power-law index is lower for massive galaxies indicating that massive galaxies have a higher minor-to-major merger ratio than less massive ones. The minor merger fraction in different mass-selected samples will be the subject of a future work to expand on results presented here.
The redshift evolution of the minor merger rate
Similarly to the minor merger fraction, there does not seem to exist any published reference in the refereed literature for the local minor merger rate. We follow the same steps as in Sect. 7.1 to estimate a confidence area for the minor merger rate in the range 0 < z < 1. The major merger rate in the MCG at z = 0.09 is R MGC MM = 0.035 ± 0.006 Gyr −1 , while the confidence area is limited by the following curves (Fig. 8) ,
The power law-index inferred from the fits is n = −0.5 ± 0.7. As in Sect. 7.1, a negative power-law index for R mm implies that the minor merger rate decreases with redshift. Also in this case the value of n is compatible with a constant minor merger rate (n = 0), but again its evolution is different than that of the major merger rate, that increases with redshift (n > 0, see below). A local reference is needed to better constraint the evolution of R mm . If we repeat this study with the volumetric merger rate, the confidence area is limited by
In this case the evolution is n = −0.5 ± 0.7. The fit to both major merger rates is
de Ravel et al. (2009) estimate the volumetric major merger rate (µ ≥ 1/4) finding, as for the merger fraction, that it evolves faster for fainter samples, with a power-law index n = 2.2 for M e B ≤ −18 galaxies and n = 1.6 for M e B ≤ −18.77 galaxies, so our n = 0.9 follows the trend of decreasing n for brighter galaxies found by de Ravel et al. (2009) . On the other hand, the volumetric merger rate of M e B ≤ −18 galaxies is a factor of ∼ 5 higher than the one of M e B ≤ −20 galaxies. This is because the number density is lower for bright galaxies than for the fainter ones. The same trend is observed in mass-selected samples (López-Sanjuan et al. 2009a ).
7.4. The role of minor mergers in the mass assembly of luminous galaxies
We can obtain the average number of mergers per galaxy between z 2 and z 1 < z 2 as
where E(z) = Ω Λ + Ω m (1 + z) 3 in a flat universe. The definitions of N MM and N mm are analogous. Using results from the previous section, we obtain N m = 0.73 ± 0.21, with N MM = 0.37 ± 0.13 and N mm = 0.36 ± 0.17 from z = 1 to z = 0, indicating that the number of minor mergers per bright galaxy since z = 1 is similar to the number of major ones. Note that these values and those reported in the following have an additional factor of two uncertainty due to the merger timescales derived from simulations (Sect. 6.1). In their work, Pozzetti et al. (2010) find that almost all the evolution in the stellar mass function since z ∼ 1 is consequence of the observed star formation (see also Vergani et al. 2008) , and estimate N m ∼ 0.7 mergers since z ∼ 1 per log (M ⋆ /M ⊙ ) ∼ 10.6 galaxy, similar to the average mass of our M e B ≤ −20 galaxies, are needed to explain the remaining evolution. Their result agrees with our direct estimation, but they infer N MM < 0.2. This value is half of ours, pointing out that close pair studies are needed to understand accurately the role of major/minor mergers in galaxy evolution.
In addition to the mean number of mergers per galaxy, we have estimated the mass accreted by bright galaxies since z = 1 due to major and minor mergers. For this, we take µ as a proxy of the mass ratio between the galaxies in the pair. We can determine the mean merger ratio of major (µ MM ), and minor mergers (µ mm ) as
For µ MM = 1/4 and µ mm = 1/10 we obtain µ MM = 0.47 and µ mm = 0.15, values that depend slightly on s: the mean merger ratios change less than 10% in the range probed by our results, s ∈ [−1.25, −0.58]. We assume these values of µ MM and µ mm hereafter. Weighting the number of mergers with its corresponding merger ratio, we infer that mergers of companions with µ in the range 1/10 to 1 increase the mass of bright galaxies since z = 1 by 23 ± 8%. We further infer that the relative contribution of major and minor mergers to this mass assembly is 75% and 25%, respectively. Because the factor of two uncertainty in the merger timescales affects in the same way major and minor mergers, this relative contribution is a robust result. In their cosmological models, Hopkins et al. (2010a) predict that the relative contribution of major and minor mergers in the spheroids assembly of log (M ⋆ /M ⊙ ) ∼ 10.6 galaxies is ∼ 80%/20%, in good agreement with our observational result. Therefore, we have demonstrated that minor mergers do contribute to the mass assembly of bright galaxies, at a level corresponding to about a third of the major mergers contribution.
7.5. Mergers and the evolution of red galaxies since z ∼ 1
Because the merger properties of red and blue galaxies are very different, we estimate here the role of minor and major mergers in the evolution of red galaxies since z ∼ 1. We assume a constant major and minor merger rate for red galaxies from z = 0 to z = 1, as found in Section 6. Applying Eq. (22) We find that red galaxies of log (M ⋆ /M ⊙ ) ∼ 10.8 have undergone ∼ 1.2 merger events since z ∼ 1, but it is important to quantify the impact of mergers in the mass assembly of these galaxies. Weighting the number of mergers with their corresponding mean merger ratio (Eqs.
[23] and [24]), we find that mergers can increase 40 ± 10% the mass of red galaxies since z = 1. Because blue companions have a lower mass-to-light ratio than the red ones, this mass increase is an upper limit. The relative contribution of major/minor mergers to this mass assembly is 80%/20%, indicating that the mass of red galaxies increases by ∼ 10% since z = 1 due to minor mergers.
Several authors have studied the luminosity function (LF) and the clustering to constrain the evolution of luminous red galaxies (LRGs) with redshift. They find that the bright end (L 2.5L * ) of the LF is mostly in place since z ∼ 0.8 (e.g., Zucca et al. 2006; Brown et al. 2007; Scarlata et al. 2007 ). Since LRGs have a negligible star formation (Roseboom et al. 2006) , the evolution of the bright end of the LF, if any, must be due to mergers. Brown et al. (2008) find that bright LRGs (M B −21.8 ∼ 4L * ) have increased their mass ∼ 30% since z = 1 (see also Brown et al. 2007) , in agreement with our result. Cool et al. (2008) state that L > 3L * galaxies have increased their stellar mass less than 50% since z ∼ 0.9, an upper limit also consistent with our measurement. On the other hand, van Dokkum et al. (2010) study the evolution of massive galaxies with log (M ⋆ /M ⊙ ) 11.3 since z ∼ 2, inferring that they increase their mass ∼ 40% since z ∼ 1 to the present by mergers (i.e., their star-formation is negligible in that redshift range, see also Walcher et al. 2008 and Alvarez 2008) , in good agreement with our direct measurement. Although the stellar mass and luminosity range probed by van Dokkum et al. (2010) and previous LF works is ∼3 times higher than ours, and we use B−band luminosity as a proxy of mass, the agreement with these studies is remarkable and supports that mergers are an important contributor to the evolution of the most massive red galaxies since z ∼ 1.
While mergers directly increase the mass in red galaxies, they also modify their inner structure. It is now well established that massive, log (M ⋆ /M ⊙ ) 11, early-type galaxies have, on average, lower effective radius (r e ) at high redshift than locally, being ∼ 2 to ∼ 4 times smaller at z ∼ 1 and z ∼ 2, respectively (Daddi et al. 2005; Trujillo et al. 2006 Trujillo et al. , 2007 Buitrago et al. 2008; van Dokkum et al. 2008 van Dokkum et al. , 2010 van der Wel et al. 2008; Toft et al. 2009; Williams et al. 2010) . These high-redshift compact galaxies are sparse in the local universe (Trujillo et al. 2009; Taylor et al. 2010) , implying that they evolve since z ∼ 2 to the present. It has been suggested that compact galaxies are the cores of present day ellipticals, and that they increase their size by adding stellar mass in the outskirts of the galaxy (Bezanson et al. 2009; Hopkins et al. 2009a; van Dokkum et al. 2010) . Equalmass mergers (µ = 1) are efficiently increasing the mass of the galaxies, but not their size (r e ∝ M ⋆ ); while for un-equal mass mergers (µ < 1) the size increase is higher for the same accreted mass (r e ∝ M 2 ⋆ ; Bezanson et al. 2009; Hopkins et al. 2010b) . We find that red galaxies increase their mass ∼ 40% since z ∼ 1 due primarily to un-equal mass mergers. This corresponds to a size increase by a factor of ∼ 2, which is similar to the growth derived by size studies. Our results therefore suggest that un-equal mass mergers (µ < 1) could be the dominant process in the size growth of massive galaxies since z ∼ 1, as predicted by the cosmological simulations of Naab et al. (2009 ) or Hopkins et al. (2010b . Future studies of the merger fraction as a function of the size of galaxies are needed to better understand the evolution of compact galaxies. Kaviraj et al. (2011) found that ∼ 30% of early types at 0.5 < z < 0.7 present distorted morphologies. This fraction is ∼ 25% if we restrict the analysis to M V −21.5 galaxies (this selects M e B −20 galaxies at z = 0.6 assuming B − V = 0.7, the main M B − M V colour of our red galaxies in the range 0.5 < z < 0.7). Interestingly, Conselice et al. (2007) also found that ∼ 25% of the early-types with log (M ⋆ /M ⊙ ) ≥ 10.8 in the Palomar/DEEP2 survey present signs of interactions at these redshifts. If we assume a visibility timescale of T dET ∼ 1 Gyr for Kaviraj et al. (2011) distorted early-types (dET), we need a total (major + minor) merger rate of R dET ∼ 0.25 Gyr −1 to explain the observed fraction of dET. This value is higher than our red merger rate, R red m = 0.155 ± 0.033 Gyr −1 , but we infer and additional R blue dET ∼ 0.1 from the major merger rate of blue galaxies, that can also lead to dET (Sect. 7.6). Mergers could therefore be common enough to explain the observed frequency of dET at z = 0.6, with minor mergers accounting for ∼ 30% of the observed dET. N-body simulations are needed to better determine T dET and the minimum µ that produces observable tidal features. We also note that minor mergers with luminosity or mass ratios less than 1/10 may also contribute significantly, and will need to be investigated. Kaviraj et al. (2011) also show that the majority of dET have blue NUV − r rest-frame colours, a signature of episodes of recent star formation (RSF). The fraction of the stellar mass formed in the RSF is f ⋆,RS F ∼ 3%-20% (see also Scarlata et al. 2007; Kaviraj et al. 2008) , while the derived metallicity makes unlikely gas-rich mergers as the origin of this RSF. We find that ∼80% of the companions of the red primaries are blue indicating that there is a gas supply to the RSF, while the stellar mass is dominated by the red, old component of both galaxies. Using the recipe provided by Stewart et al. (2009) to determine M gas /M ⋆ , where M gas is the mass of gas in the galaxy, we explore the mass * B galaxies 13 and µ range of our red pairs, and estimate that the gaseous mass is typically 25% of the total stellar mass in our red pairs. Simulations suggest that ∼ 50−75% of the gas in mergers can be consumed to form new stars (Cox et al. 2004 (Cox et al. , 2006 . This leads to a f ⋆,RS F 20%, in agreement with the observed mass formed in the RSF episodes. This result is supporting mergers as the main cause of RSF in early-type galaxies since z ∼ 1 (see also Fernández-Ontiveros et al. 2011) . Bundy et al. (2010) find that the red sequence is populated not only by E/S0 galaxies, but also by passive, early-type (i.e., bulge dominated) spirals. While 80% of the mergers experienced by a red galaxy are with a blue SF companion, the low gaseous mass involved in these mergers ( 25%) prevent the regrowth of a spiral disc (Hopkins et al. 2009b) . Hence, our observed merger rate could be enough to transform the red, early-type spirals into E/S0 galaxies. A more detailed study of the merger fraction of red galaxies as a function of their morphology is needed to understand the transition between red spirals and E/S0 galaxies. Summarizing, our measured merger rates of bright red galaxies are in agreement with the mass and size evolution of massive red galaxies since z = 1, and with the frequency of distorted early-type galaxies at z ∼ 0.6. Minor mergers have a significant impact in the evolution of these massive red galaxies, accounting of ∼20% of the observed evolution.
7.6. The role of minor mergers in the evolution of blue galaxies
Observations and N-body simulations suggest that major mergers between gas-rich late-type galaxies are an efficient way to obtain quiescent, early-type galaxies (Naab et al. 2006; Rothberg & Joseph 2006a,b; Rothberg & Fischer 2010; Hopkins et al. 2008 Hopkins et al. , 2009b . Recent studies find that gas-rich major mergers can only account for 20%-30% of the number density evolution in the red sequence of intermediate-mass (M ⋆ 10 10 M ⊙ ) galaxies since z = 1 (Bundy et al. 2009; Wild et al. 2009; de Ravel et al. 2009; López-Sanjuan et al. 2010b ,a), while major mergers are enough to explain the number evolution of massive galaxies in the same redshift range (M ⋆ 10 11 M ⊙ , Eliche-Moral et al. 2010a,b; Robaina et al. 2010; Oesch et al. 2010) .
Hence, we need other mechanisms than major mergers to transform intermediate-mass blue cloud galaxies into red sequence ones. One possible mechanism is minor merging. The N-body simulations find that minor mergers increase the Sérsic index of galaxies (Eliche-Moral et al. 2006 ) and that several minor mergers have the same effect as a major one: only the final mass accreted is important (i.e., ten 1/10 mergers are equivalent to one equal-mass merger, Bournaud et al. 2007) . We find that the minor-to-major merger ratio of blue galaxies increases between z = 0.8 and z = 0.5 from ∼ 0.5 to ∼ 2, indicating that minor mergers may play an important role in the growth of the red sequence since z ∼ 0.5. However, we find that the mass accreted by minor mergers is ∼ 15% of the mass accreted by major mergers at z = 0.8, and ∼ 0.6 at z = 0.5. Even in the lower redshift range, where minor mergers are twice more common than major ones in blue galaxies, the latter are more efficient in transforming gas-rich galaxies into E/S0. In addition, the observed R blue mm implies that, in the range [0.2, 0.95), a gas-rich galaxy have only undergone N blue mm ∼ 0.15 minor mergers, making it unlikely that a gas-rich galaxy suffers more than one minor merger since z ∼ 1. In summary, our observations indicate that minor mergers affect less the structure of gas-rich galaxies than major mergers in the redshift range under study, and they can lead into early spirals instead of into E/S0.
It is also expected that secular processes can transform late spirals into early ones. Bars and disk instabilities support the growth of the central part of the galaxies, called pseudobulges (Kormendy & Kennicutt 2004; Fisher et al. 2009 ). The similar disc and nuclear colours of spirals up to z ∼ 0.8 (Domínguez-Palmero & Balcells 2008) also points towards a coordinated growth of the bulge and the disc, while Masters et al. (2011), and Sheth et al. (2008) and Cameron et al. (2010) find that early-type spirals have higher bar fractions than late-type ones in Galaxy Zoo (z ∼ 0.04), and COSMOS 6 (0.2 < z < 0.85), respectively. The comparison of the observational (this paper, López-Sanjuan et al. 2010a) and theoretical major + minor merger rate against the number density growth of intermediate-mass, early-type galaxies also suggests that secular processes are needed.
If these early, bulge-dominated systems, whatever their origin, have their star formation shut down by some processes unrelated to mergers, as gas exhaustion (Zheng et al. 2007; Bauermeister et al. 2010) or some form of quenching (e.g., morphological quenching, Martig et al. 2009; or environment quenching, Peng et al. 2010) , they then become passive earlytype disc on the red sequence, as those found by Bundy et al. (2010) .
It is also worth noting that because the merger fraction increases when µ decreases, it is possible that galaxies smaller / fainter than studied in this paper may play a significant role. However, we find that the increase in the merger fraction cannot compensate for the decrease in the mass of the companion and the increase in the typical merger timescale, so it is not expected that mergers with µ < 1/10 have been important in the evolution of intermediate-mass gas-rich galaxies. Cosmological models also suggest that merger events lower than µ < 1/10 have little impact (less than 10%) in the mass assembly of spheroids (Hopkins et al. 2010a ).
Summary and conclusions
We have estimated, for the first time in the literature, the minor merger fraction and rate of L B L * B galaxies from kinematically confirmed close pairs, reaching the minor companion regime, 1/10 ≤ µ < 1/4 (∆M B = 1.5 − 2.5) thanks to the deep spectroscopy in VVDS-Deep (I AB ≤ 24), and robust statistics in a wide 0.5 deg 2 area. We find that minor mergers for bright galaxies show little evolution with redshift as a power-law (1 + z) m with index m = −0.4 ± 0.7 for the merger fraction and m = −0.5 ± 0.7 for the merger rate, while the major merger fraction (m = 1.3 ± 0.5) and rate (m = 1.3 ± 0.6) for the same galaxies increases. The dependence of the merger fraction on µ is well described by a power-law function, f m (≥ µ) ∝ µ s . The value of s for the complete magnitude-limited sample, M e B ≤ −20, evolves from s = −0.60 ± 0.08 at z = 0.8 to s = −1.02 ± 0.13 at z = 0.5. When we split our bright galaxies in red and blue following the restcolour bimodality, we find that in the redshift range explored i) f m is higher for red galaxies at every µ, ii) f red m does not evolve with z, with s = −0.79 ± 0.12 at 0.2 < z < 0.95, and iii) f blue m evolves dramatically: the major merger fraction of blue galaxies decreases by a factor of three with cosmic time, while the minor merger fraction of blue galaxies is roughly constant. Our results show that normal L B L * B galaxies have undergone 0.4 minor and 0.4 major mergers since z ∼ 1, which implies a total mass growth from major and minor mergers with µ ≥ 1/10 by about 25%. The relative contribution of the mass growth by merging is ∼ 25% due to minor mergers with 1/10 ≤ µ < 1/4 and ∼75% due to major mergers with µ ≥ 1/4. The relative effect of merging is more important for red than for blue galaxies, with red galaxies subject to 0.5 minor and 0.7 major mergers since z ∼ 1. This leads to a mass growth of ∼ 40% and a size increase by a factor of 2 of red galaxies, in agreement with the evolution of massive galaxies as reported by previous works (e.g., van der Wel 2008; van Dokkum et al. 2010 ). This supports that mergers are an important contributor to the evolution of the most massive red galaxies since z ∼ 1. For blue galaxies, our results imply that minor mergers likely lead to early-type spirals rather than elliptical galaxies.
Our analysis therefore shows that minor merging is a significant but not dominant mechanism contributing to the mass growth of galaxies in the last ∼ 8 Gyr. Merging alone is not sufficient to explain the observed mass growth of galaxies, and other processes must therefore be operating. The contribution from minor merging of low mass companions with µ < 1/10 is yet to be estimated, but we expect that this contribution would have only limited effects.
To expand on our observational results, the study of the minor merger fraction in other fields will be needed to minimize cosmic variance effect, on larger samples to better constrain the evolution of f mm with redshift. In addition, the study of the dependence of minor mergers on properties like mass, morphology or environment will provide other important clues about the role of mergers in the evolution of galaxies since z ∼ 1. It is also worth noting that direct measurements of the minor merger fraction have yet to be secured at low redshift, while these will be needed to better constrain the minor merger fraction evolution with z.
